Introduction
Micro-and macroscopic aggregates are a ubiquitous and abundant component of aquatic ecosystems. The occurrence and ecological importance of macroscopic aggregates (> 500 μm, also known as marine snow) in the pelagic environment has been extensively studied for more than 30 years (Alldredge and Silver 1988 , Grossart et al. 2007 , Kiørboe and Jackson 2001 , Smith et al. 1992 , Silver et al. 1978 . And several studies on macroscopic aggregates in deep lake and lotic ecosystems, known as lake snow and river snow, have been reported in recent years (Böckelmann et al. 2002 , Grossart and Simon 1993 . It has also been suggested that aggregates serve as transient microhabitats suitable for kinds of biogeochemical processes (Paerl and Prufert 1987, Azam and Richard 2001) . Abundant of bacteria, rich in nutrients and high metabolic activity of attached microorganisms made the aggregates "hotspots" in energy fluxing, biogeochemical cycling and food web dynamics (Azam and Richard 2001 , Caron et al. 1982 , Paerl 1974 , Simon et al. 2002 . Compared with pelagic systems in which low hydrodynamic stress allows macroaggregates to form, microaggregates (5-500 μm) dominate in shallow, turbid, and eutrophic systems, such as Lake Taihu ). Lake Taihu, the third largest lake in China, has an area of 2,338 km 2 , and a catchment area of about 36,500 km 2 ; its maximum length is 68.5 km and the maximum width is 56 km (Fig. 1 ). It's a typical shallow lake with the mean depth <2 m. In contrast to marine and deep lake systems, Taihu is more productive and it has significant horizontal environmental gradients from northwest to southeast. These gradients, in such parameters as trophic status, concentration of suspended particles, and concentration of Chlorophyll a, provide almost unique opportunities for revealing mechanisms that control the composition of bacterial communities within the lake (Tang et al. 2010) . Moreover, winddriven sediment resuspension and intensive cyanobacterial blooms are two major ecological features of this lake (Qin 2008) . However, while macroaggregates-attached microbial communities in marine, estuary, river, and deep lake systems have been well-characterized, little is known about the composition and diversity of the smaller organic-aggregateassociated bacterial communities (OABC), and the environmental factors which shape their dynamics, in large shallow eutrophic subtropical lakes. Based on terminal restriction fragment length polymorphism (T-RFLP) and 16S ribosomal ribonucleic acid (rRNA) gene clone libraries, we investigated the spatial and temporal heterogeneity of OABC in Lake Taihu during May 2006 to May 2008. Samples were collected at seven stations representing different trophic states and food web structures (Fig. 1.) . Site 0, Site 6 and Site 10 are located in highly eutrophic areas near the river mouth of Liangxi River, Zhihu River and Dapu River, respectively; the eutrophication is due to nitrogen and phosphorus from domestic and industrial wastewater discharged from the rivers. Site 3 is located in Meiliang Bay, which experiences intensive blooms of algae, dominated by Cyanobacteria, during summer and autumn. Site 8 is located in the open lake, where the water is less enriched with nitrogen and phosphorus but exposed to frequent wind mixing (Wu et al. 2007b ). Site 14 is located in Gonghu Bay, a transition area from phytoplankton-to macrophyte-dominated lake habitats. Site 24 is located in East Taihu, which is characterized by submersed macrophyte communities and relatively low phytoplankton concentrations (Tang et al. 2010 ). From the studies on the organic aggregates (OA)-attached bacteria in the large, shallow and eutrophic Lake Taihu, China, some new results which differed from pelagic ecosystems w e r e f o u n d . T h i s i s a s h o r t r e v i e w o f the current understanding of the role of microorganisms attached to organic aggregates in aquatic ecosystems, the gaps in our knowledge and some suggestions of future directions. And this study is the first attempt to summarize the current research achievements on the abundance, diversity, community dynamics and function in different aquatic ecosystems.
particle -1 ) (Berger et al. 1996) . The abundance of OA-associated bacteria are related in OA, water temperature, total suspended solids (TSS), total phosphorus (TP) and Chl a. Results of scanning electron microscopy (SEM) and 4' 6-diamidino-2-phenylindole dihydrochloride (DAPI ) demonstrated that the abundance of OA-associated bacteria is much higher than that of in oceans and deep lakes, which indicates the ecological importance of OA in shallow lakes. Aggregate abundances are higher in lotic systems, such as in rivers and shallow eutrophic lakes, than in deep lakes and in the sea (see above) due to high resuspension rates (Zimmermann-Timm et al. 2002 and references therein) . Bacterial abundance on aggregates is initially driven by a balance between bacterial attachment and detachment (Kiørboe et al. 2002) , and subsequently by bacterial growth on the particle surfaces. Previous study showed that percentages of aggregates-attached bacteria greatly changed over time. In addition to bacterial colonization and growth, predation may also affect bacterial abundance and community composition on macroaggregates (Kiørboe et al. 2004 , Kiørboe et al. 2003 , Jürgens and Sala 2000 . (Alldredge et al. 1986 , Becquevort et al. 1998 . For example, in surface waters of Southern California Bight, the bacterial densities on sinking marine snow aggregates were >2000-fold higher than in the surrounding water (Ploug et al. 1999) . In Lake Constance, the bacterial abundance on macroaggregates on a per volume basis was ~l0 8 ml -1 , which is 100 × higher than in the bulk water (Grossart and Simon 1993) . Though the relative abundance of attached bacteria is lower than that of free-living bacteria in most aquatic systems, in many cases, the aggregates-attached bacteria are bigger and more active than free-living ones.
3. The diversity of OA-attached bacteria 3.1 Morphological and phylogenetic diversity Organic aggregates are often colonized by bacteria. Bacteria can attached to newly formed aggregates within 5 min, which made bacteria the pioneer colonizers of organic aggregates (Wörner et al. 2000) . However, the morphological and phylogenetic diversity of OAattached bacteria are depend on the composition, age, size of aggregates and the physicochemical characteristics of the surrounding water. Generally, the composition of aggregates determines the morphological traits of OA and the attached bacteria. Observations of aggregates from coastal macrophyte-derived dissolved organic material by Alber & Valiela (1994) showed that large numbers of rod-shaped bacteria attached to this kind of aggregates. Clear morphological differences can be observed on SEM micrographs for OA and OA-associated bacteria collected from the four sampling stations in Lake Taihu ). Intense colonization of mucilage surrounding cyanobacterial cells was observed by DAPI stain and SEM (Fig. 2) . Newly formed aggregates are often colonized by small rod and coccidial-shaped bacteria, whereas older aggregates are colonized by filamentous bacteria >0.5 μm (ZimmermannTimm 2002) . A 12-day observation of lab-made aggregates incubated in rolling cylinders showed both morphological and phylogenetic successions of the attached bacteria . During the first 2 d, small aggregates (<5 mm Ø) were dominated by cocci (<1 μm). After 2 to 3 d, larger rod bacteria were dominant and formed colonies. Filamentous or flagellated bacteria dominated after 5 to 7 d. In the end, large aggregates (>9 mm Ø) densely colonized by long and thick rods. During the experiment succession of -, -, andproteobacteria were documented. And -proteobacteria was usually dominant, particularly in aged aggregates . The bacterial communities of macroscopic organic aggregates (≥1 mm in diameter; from the river Weser) incubated in roller tanks were investigated by . Using in situ hybridization, they found that the percentage of -and -proteobacteria decreased from 13% and 33.7% to 2.6% and 9.0%, respectively, whereas those of the filamentousproteobacteria and Cytophaga increased from 31.9% to 50.4% and from 8.5% to 24.9%, respectively, during the 14 d of incubation. The morphological and phylogenetic succession of aggregate-attached bacteria seems to be related to the interactions between bacteria and protozoans. The occurrence of high abundance of aggregate-attached filamentous bacteria, which are known to be a phenotypic response to protozoan grazing, can be the result of intense bacterial grazing by protists during a later stage , Simon et al. 2002 , Jürgens and Matz 2002 .
The diversity of attached bacteria vs. free-living bacteria
Difference between the community composition of particle-attached and free-living bacteria were found in most types of the aquatic systems, including Santa Barbara Channel (DeLong et al. 1993) , Chesapeake Bay (Bidle and Fletcher 1995) , Columbia River estuary (Crump et al. 1999) , Mecklenburg Lake District , and other aquatic ecosystems (Kellogg and Deming 2009 , Riemann and Winding 2001 ; also Table 3 ). Abundant researches carried out in marine and deep lakes showed that attached bacteria were always less abundant and less diverse but generally more active than free-living bacteria (Ghiglione et al. 2007 , Grossart et al. 2003b , Simon et al. 2002 . Using 16S ribosomal desoxynucleic acid (rDNA) based clone library analysis, however, we found that in shallow productive eutrophic Lake Taihu, OA harbors diverse bacterial clusters (Tang et al. 2010 ). The bacterial diversity index of S Chao1 and Shannon index reached to 323.3± 77.5 and 4.75, respectively (Table 2) . And there are no significant differences of diversity index between aggregates-attached and free-living bacterial communities (Unpublished data). These different patterns may reflect different shaping effects in different aquatic ecosystems on aggregates-attached bacterial communities.
Use of DNA-and RNA-derived capillary electrophoresis single-strand conformation polymorphism fingerprinting, Ghiglione et al. (2009) examined the total and metabolically active communities of attached and free-living bacteria in the euphotic zone in the NW Mediterranean Sea. They found that 52-69% of the DNA-derived operational taxonomic units (OTUs) were common in both attached and free-living fractions, suggesting an exchange or co-occurrence between them. Even if colonization on and detachment of particles appear to be ubiquitous, most of the particulate organic carbon remineralisation appeared to be mediated by a rather low number of dominant active OTUs specialized in exploiting such specific microenvironment. In Lake Taihu, we also found some clues of exchanging among aggregates-attached, free-living and sediment-derived bacterial communities (Fig. 3) . Comparative statistical analyses of the habitats of OA-associated bacteria highlight the potential ecological importance of the exchange between OABC and the surrounding planktonic community, because 41.5%~78.8% of the sequences are related to freshwater habitats. However, we also found 21.2%~58.5% of sequences closely related to ones previously found in soils, sludge, sediments and other habitats, indicating either the potential importance of allochthonous bacteria in OABC, or similar functions of these bacteria in multi-habitats (Rath et al. 1998 , Simon et al. 2002 .
Sampling time Clone library Site clones SChao1
OTUs H' RSI C (%) (1993) found that Cytophaga, Planctomyces, or -proteobacteria were the dominant bacterial clusters dwelled in the marine snow collected in the Santa Barbara Channel. In the Gulf of Trieste (northern Adriatic Sea), a high diversity of bacteria was found on marine snow with dominant phylotypes of the Cytophaga-Flavobacteria-Bacteroides lineage (Rath et al. 1998 ). On the basis of denaturing gradient gel electrophoresis (DGGE) of polymerase chain reaction (PCR)-amplified 16S rDNA fragments, Bidle & Azam (2001) found that the bacterial community on aggregates of marine diatom detritus was dominated by -proteobacteria and Sphingobacteria-Flavobacteria by comprising 65% and 25% of detected phylotypes, respectively. Other investigations on marine snow-attached bacterial communities in the Southern California Bight (Ploug et al. 1999) , in the polar frontal zone of the Southern Ocean (Simon et al. 1999) , in Schaproder Bodden (Hempel et al. 2008 ) and in German Wadden Sea (Rink et al. 2008 ) resulted in similar conclusion (Table 3) .
Estuaries and rivers
The structure of aggregate-attached bacterial communities in river system, such as rivers and estuaries, is strikingly different from that on marine snow (Table 3 ). Using fluorescent in situ hybridization, Böckelmann et al. (2000) , in the Elbe River of Germany, found that the bacterial aggregate community varied over the course of the year. During all seasons, -proteobacteria constituted the numerically most important bacterial group constituting ~54% of the total DAPI-stainable cells. They were characterized by short, rod-shaped bacteria (1 μm in length) showed typical polyalkanoate inclusion bodies and occurred as single cells or short chains, or globular microcolonies within the river snow community. In spring the community had been characterized by great bacterial diversity and by a high abundance of Cytophagae (up to 36%). And the predominant bacterial morphotypes were long thin filaments (up to 40 μm in length). In contrast, the number of filamentous CytophagaFlavobacteria decreased significantly in autumn and winter, with small, rod-shaped cells (0.5 × 1 μm). The percentage of -proteobacteria peaked at 26% in winter, which is significantly higher than that in autumn (14%). Typical morphotypes within the -proteobacteria were thick, rod-shaped bacteria (1 × 3 μm). The numbers of -proteobacteria was around 24% in spring and 4% in summer, with rod-shaped (0.5 × 2 μm) and irregularly formed coccoid cells (diameter 1 -1.5 μm). Planctomycetales and sulfate-reducing bacteria (SRB) were of lower significance and constituted 2 to 11% and 2 to 17%, respectively. Differences among the macroaggregates-attached bacterial communities in the limnetic, the brackish and the marine sections of the River Elbe, were reported by Simon et al. (2002) . Using group-specific oligonucleotide probes, the authors found that in the limnetic section, -proteobacteria and Cytophaga/Flavobacteria accounted for 20 -40% and 25 -36% of the DAPIstainable cells, respectively, in May, and 18 -45% and 20%, respectively, in October. In the brackish and marine section of the Elbe estuary, however, -proteobacteria largely dominated whereas -proteobacteria constituted not more than 12%. Salinity gradient seems to be one of the most important factors controlling the variations of the aggregate-attached bacterial communities from freshwater upstream to downstream estuary. With the increase in salinity, the -proteobacteria was gradually replaced by -proteobacteria because salinity is a strong adaptive barrier for -proteobacteria (Methé et al. 1998 , Simon et al. 2002 . A 14-day observation of aggregates incubated in water samples of the river Weser, Northern Germany, in roller tanks revealed that the percentage of filamentous -proteobacteria and Cytophaga increased from 31.9% to 50.4% and from 8.5% to 24.9%, respectively, whereas those of -and -proteobacteria decreased from 13% and 33.7% to 2.6% and 9.0%, respectively . The low percentage of -proteobacteria presumably due to relative higher salinity (<1‰) of the incubation water. Fig. 3 . Proportion of habitat affiliations of the sequences based on comparison of our 16S rRNA clone library sequences with the closest relatives from the GenBank. A~H, represent different OA samples (detailed information is presented in Table 2 ); the bar labeled "Mean" gives the frequency distribution for all samples. Habitats affiliated with anaerobic swine lagoon, subsurface aquifer, wastewater, rumen fluid, human gut and fuel cell anode as well are included in 'Others'. 
Deep lakes
Lake Constance is a typical deep large mesotrophic lake with maximum depth of 254 m and a surface area of 571 km 2 . The bacterial communities on lake snow aggregates in this lake have been intensively studied. Using FISH with rRNA-targeted oligonucleotides, Brachvogel et al. (2001) found that -proteobacteria and Cytophaga/Flavobacteria dominated the bacterial community on microaggregates in Lake Constance, constituting 8 to 78% of the DAPI-stainable cells, which equals 14 to 82% of Bacteria. In contrast, -proteobacteria was not detected at all. And -proteobacteria usually constituted only minor proportions except on zooplankton debris and on phytodetrital aggregates composed of Dinobryon spp. (Brachvogel et al. 2001 ). Schweitzer et al. (2001) examined the colonization of naturally formed lake snow aggregates and found that they are inhabited by a limited number of -and -proteobacteria, which undergo a distinct succession. Detailed studies in Lake Constance, Lake Aydat and Lake Kinneret revealed that the bacterial communities on natural deep lake aggregates were dominated by few species of -proteobacteria, Cytophaga/Flavobacteria and -proteobacteria as well , Simon et al. 2002 , Lemarchand et al. 2006 ). This colonization pattern may reflect the similar adaptation of a specialized bacterial community to the unique environmental conditions on aggregates (Simon et al. 2002) . The microbial community on lake snow was dominated by -proteobacteria, especially during aggregate aging when filamentous and thus grazing resistant bacteria dominated . At earlier stages -proteobacteria also comprised substantial fractions of the community. This community structure is similar to that of activated sludge flocs, suggesting that lake snow has a function comparable to that of activated sludge flocs in sewage treatment plants (Rath et al. 1998 ).
Shallow eutrophic lakes
Regional variability of OABC and diversity in Taihu were studied by amplified ribosomal DNA restriction analysis, and comparative analysis of eight large 16S rRNA clone libraries (Fig. 5 ). Our results demonstrate that OABC were numerically dominated by members of the -proteobacteria (34.4%), -proteobacteria (15.2%), Bacteroidetes (11.2%), and Planctomycetes (10.3%) groups. Clones affiliated with -proteobacteria, Actinobacteria, Acidobacteria, -proteobacteria, Verrucomicrobia, Chloroflexi, Firmicutes, Gemmatimonadetes, Nitrospira, and candidate division OP10 were also found in low frequencies. The dominance of the Bacteroidetes group was related to algae-based aggregates. The spatial and temporal variations of OABC were also determined by terminal restriction fragment length polymorphism (T-RFLP) analysis. A total of 246 T-RFs were detected from the studied sites, but only about 20 T-RFs were dominant, suggesting that specific microbial populations were adapted to the unique niche provided by the organic aggregates. Analysis of similarity (ANOSIM) revealed significant temporal shifts in OABC, and significant intralake heterogeneity. In Mecklenburg Lake District, Allgaier and Grossart (2006) found that Bacteroidetes (24.2%) is the most abundant phylum attached to particles, while Actinobacteria accounted for 44.4% of the free-living bacterial community. In Lake Taihu, Actinobacteria is the most abundant bacteria, representing 52.1% of the bacterioplankton community (Wu et al. 2007a ).
Environment factors structured the dynamics of OA-attached bacterial communities
To our knowledge, environment factors structured the dynamics of attached bacterial communities have not been extensively studied, especially in shallow lakes. Allgaier and Grossart (2006) found that organic carbon (DOC), phytoplankton biomasses, and primary production have strong correlations with both particle-associated and free-living bacterial communities. In Lake Taihu, significant seasonal and station-dependent variations in OABC were found both in Meiliang Bay and in the lake center. Canonical correspondence analysis (CCA) demonstrated that temperature, dissolved oxygen, total suspended solids (TSS), nutrient levels, and some ions were significantly related to the spatio-temporal dynamics of OABC (Tang et al. 2010 , Fig. 4 ). The findings add new insights into our understanding of the ecological importance of OABC in large shallow lakes, in particular the intra-lake heterogeneity, temporal evolution, and the interaction between OA and its surrounding water. On the overall, food web structures and water physicochemical conditions shape the aggregates-attached bacterial communities in aquatic systems. Obviously, attached bacterial colonization patterns reflect the different adaptation properties of the members of special bacteria to the given environmental conditions (Simon et al. 2002) .
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Lake Center Table 2 ).
Ecology of main phyla of attached bacterial communities
Studies have demonstrated that the -proteobacteria, Bacteroidetes (formerly known as the Cytophaga-Flavobacteria-Bacteroides), -proteobacteria and -proteobacteria are the most abundant bacterial cluster habitat on aggregates in most aquatic environments (see above). Despite the recognition that bacteria occupy a prominent role in aggregation processes and greatly impact biogeochemical processes, the bacterial taxa participating in these activities remain largely undescribed. The Bacteroidetes comprise a large proportion of particle-associated bacteria (Table 3) . Previous findings have highlighted the importance of Bacteroidetes during phytoplankton blooms Bertilsson 2004, Riemann and Winding 2001) . In Lake Taihu, members of the Bacteroidetes formed a substantial component of the bacterial communities associated with algae-based OA. The high abundance of Bacteroidetes in the detritus-associated communities is related to their physiological characteristics. First, surface-dependent gliding motility is an important and widespread characteristic of these bacteria. Second, Bacteroidetes are chemoorganotrophic and efficiently degrade a variety of high molecular weight compounds such as protein, cellulose, pectin and chitin, and other polysaccharides (Kirchman 2002 , DeLong et al. 1993 ). This finding might be related to their strong dependency on organic matter load or phytoplankton blooms
Ecological significance of OA-attached bacteria
Organic aggregates are involved in many ways in the nutrients cycling in aquatic ecosystems, such as decomposition of OA, cycling flux of particulate organic matter (POM), releasing of dissolved organic matter (DOM) and inorganic nutrients to the surrounding water. Bacteria clearly play an important role in most of the activities. POM solubilization, substrate hydrolysis and uptake, bacterial production, respiration and DOM release into the surrounding water are the major microbial processes.
Bank of nutrients
OA are composed of component particles consisting of living, senescent and dead algae, mainly diatoms in the ocean and Cyanobacteria in eutrophic lakes, but also of coccolithophorids, cysts of thecate dinoflagellates, phytodetritus, diatom frustules, bacteria, protozoans, zooplankton molts and carcasses, abandoned larvacean houses, pteropod webs, fecal pellets, macrophyte detritus, clay and silt minerals, calcite and other particles scavenged from surrounding water (Simon et al. 2002) . Table 4 . Chemical composition of OA in different sampling sites (see Fig. 1 ) in Lake Taihu.
OA are rich of organic matter, for organic carbon constitutes 10 to 40% of the total aggregates dry weight in marine and up to 66% in limnetic aggregates. In marine systems, Grossart and Simon (1993) found that soluble reactive phosphorus (SRP) concentrations in the matrix water of aggregates were > 1,000 times higher than in the surrounding water. Measurements of ammonia, nitrite, nitrate, and phosphate indicate significant differences in nutrient concentrations associated with OA from those of the surrounding water (Blackburn et al. 1998, Shanks and Trent 1979) . But in shallow seas, estuaries and shallow lakes, macrophyte debris, resuspended minerals and inorganic particles also are important component of OA, so the relative percentage of organic matter are actually low in this kind of systems. According to our study, POM constitutes 10.45% of OA dry weight in Lake Taihu and the highest value (75%) occur in summer during Cyanobacteria blooms. OA are also rich in other nutrients, such as nitrogen (N) and phosphorus (P), as OA-N and OA-P represented up to 16.54% and 43.30% of total N and P in water column in Lake Taihu (Table 4) . In Lake Kinneret, Israel, revealed that aggregates with associated microorganisms are not only sites of vertical fluxes, centers of rapid and efficient recycling of POM, and a source of DOM, but also a potentially important food source for higher trophic levels. These findings indicate that organic aggregates are important sites for nutrient regeneration in aquatic systems and should be included in the conceptual framework of aquatic ecosystem studies.
Bacterial production and respiration
OA harbor a rich community of heterotrophic microbes, predominantly bacteria, which contribute only a small part of the total carbon of OA, but they are most important for OA decomposition (Bearon 2007 . Kirchman and Mitchell (1982) examined the abundance and heterotrophic uptake of bacteria attached to particulate matter suspended in five coastal ponds and two marshes, and found that although the number of particle-bound bacteria was <10%, these bacteria incorporated >40% of [ 14 C]glucose and [ 14 C]glutamate in the systems. In laboratory conditions, Grossart et al. (2007) found that natural bacterial assemblages attached to model aggregates (agar spheres) had threefold higher cell-specific bacterial protein production (BPP) than their free-living counterpart. Eiler et al. (2006) demonstrated that phycosphere-associated bacteria contributed between 8.5 and 82%of total bacterial secondary production.
In some aquatic systems, the growth rate of associated bacteria were found only slightly higher or in the same range as rates of free-living ones, and the turnover time of OA particulate organic carbon (POC) estimated by OA-associated bacteria production is so long that months to years would be required. Hence, other processes such as enzymatic hydrolysis and respiration are considered to be major microbial processes in OA decomposition (Becquevort et al. 1998) . For example, the protease activity of model aggregates-attached bacteria was 10-20 times higher than that of free-living bacteria (Grossart et al. 2007 ). The increased protease activity allow attached bacteria to quickly exploit aggregate resources, which may accelerate remineralization of marine snow and reduce the downward carbon fluxes (Grossart et al. 2007 ). In fact, high solubilization rates and net release of nutrients to the surrounding water, which exceeded greatly the carbon demand of OA-associated bacteria, were found to be more reasonable to explain the rapid decomposition of POC in OA .
Nutrient recycling in shallow eutrophic lakes
The aggregate microniche is recognized as an area of nutrient enrichment containing higher densities of both active and dead phototrophic and heterotrophic planktonic cells than in the surrounding water (Turley 2000) . Because of distinct differences of hydrodynamic forcing among pelagic marine, deep lake, turbid riverine, and shallow lake systems, the origin, size, composition and destination of the aggregates and the major groups of microorganisms colonized on them, may exhibit pronounced differences. In Lake Taihu, OA were mainly come from the detritus of Cyanobacteria bloom and resuspended sediment, which dominate the whole lake nutrient cycling of Lake Taihu. In summer and in the phytoplankton dominated areas of Lake Taihu, the OA were contributed mainly by the detritus of phytoplankton, while in the period of wind-induced water turbulence, the OA were mainly contributed by resuspended inorganic sediment.
www.intechopen.com
There are significantly seasonal differences of the characteristics of OA in Lake Taihu, for the organic matter content of OA was significantly high during the summer of Cyanobacteria bloom than that in winter. To investigate the relationship between wind induced turbulent and OA nutrient recycling in shallow eutrophic lake, in situ experiments were conducted in Meiliang Bay, located in the north part of Lake Taihu. The physical and chemical characteristics were continually monitored during a wind course (Fig. 6 ) one time per day, which continued for 10 days, and other water physical and chemical parameters were concomitantly monitored. OA abundance was significantly higher during wind period than calm stage and the maximum of OA abundance, which occurred the same day when wind speed was highest, was 29 times higher than that in the calm stage (Fig. 7) . Although OA-C, OA-N and OA-P concentration were decreased during wind period the total OA C, N and P in water column were increased for the increased OA abundance (Fig. 8) . Additionally, total suspended soil (TSS), total nitrogen (TN) and total phosphorus (TP) concentration during wind period were significantly higher than that of clam stage, but total dissolved phosphorus (TDP), total dissolved nitrogen (TDN) and soluble reactive phosphorus (SRP) were insignificantly different. During the wind period, OA alkaline phosphatase activity (OA-APA) and OA enzymatically hydrolysable phosphorus (OA-EHP) were both increased significantly, which accelerated organic phosphorous mineralization and SRP release (Fig. 9) . The results indicate that SRP release induced by wind in shallow lakes may come from suspended matter, especially OA release rather than directly comes from sediment. 
Cyanobacterial blooms
During phytoplankton blooms in eutrophic lakes, primary productivity and its processing by the food web create a heterogeneous environment of particulate, colloidal, and dissolved organic matter in a continuum of size classes and concentrations. Blooms also have effect on the concentration and nutrient cycling of OA in water column (Turner 2002) . Phosphorus is vital biogenic element in freshwater ecosystems such as lakes, reservoirs and rivers. Excessive P can eutrophicate freshwater bodies and further bring about harmful algal blooms, such as Cyanobacteria blooms in Lake Taihu (Paerl et al. 2011 , Xu et al. 2010 . The P-biogeochemical cycle plays crucial roles in freshwater ecosystems, and P release during the decomposition of cyanobacterial-bloom-formed OA is one of the most important processes involved. To investigate P release during phytoplankton bloom, we carried out a stimulant experiment which focused on OA formation, decomposition and dissolved P release during cyanobacterial bloom in Lake Taihu. Considering the important role of turbulence, sediment and light on the decomposition, 6 treatments was set (Table 5 ). All treatments were conducted at a constant temperature 30 ± 0.5°C. The experiments lasted for 15 days, and the OA abundance, OA POM, Chl-a, SRP and TDP were measured on day 1, 2, 4, 6, 9, 12, 15. According to our study, the OA abundances were high during the study period, averaging 68.26 mg L -1 (Fig. 10 ) and organic matter constitutes 67.8% of OA dry weight, which is much higher than that of the average of Lake Taihu. The OA enzymatic hydrolysable phosphorus (OA-EHP) occupies 77% of OA phosphorus (OA-P). This part of P can be hydrolyzed quickly by phosphatase to SRP, and released to surrounding water, which can be used directly by phytoplankton.
Conclusions, open questions and prospects
Given the facts that lakes have been described as early indicators of both regional and global environmental change (Williamson et al. 2008) , and that lakes and other inland waters play a more critical role in the global carbon budget than previously recognized (Prairie et al. 2007) , the role of microbes in these processes is of renewed interest (Newton et al. 2011) . Based on the comparisons of abundance, diversity, community dynamic and potential function of aggregates-attached bacteria in marine, estuaries and rivers, deep lakes and shallow eutrophic lakes, we know that aggregates-attached bacteria are more abundant and show more phylogenetic diversity in more productive systems, such as rivers and shallow lakes. Already, the application of molecular techniques provides us with unprecedented access to the diversity and composition of OA-attached bacteria in time and space. However, the detailed ecological functions of these bacterial taxa participating in biogeochemical processes remain largely undescribed, especially in shallow eutrophic lakes. In our view, the major open issues, concerning the microbial ecology of attached bacteria in shallow eutrophic lakes, are the following: 1) Investigation of interaction between algae and their attached bacteria; 2) Identification and quantitative assessment of the role of attached bacteria in cyanobacterial decomposition and the regeneration of Cyanobacteria blooms; and 3) Examination of the importance of exchanging between aggregates-attached and freeliving bacterial communities. Further work, in particular on specific details with respect to the interaction among attached bacteria, free-living bacteria and algal blooms on both small and large temporal and spatial scales, will certainly improve our understanding of the microbial ecology of organic aggregates-attached bacteria in aquatic ecosystems, with respect to processes and mechanisms.
Abbreviation
ANOSIM -Analysis of similarity; BPP -bacterial protein production; CCA -canonical correspondence analysis; CSP -Coomassie-stained particles; DAPI -4' 6-diamidino-2-phenylindole dihydrochloride; DGGE -denaturing gradient gel electrophoresis; DNAdesoxynucleic acid; EHP -enzymatically hydrolysable phosphorus; DOM -dissolved organic matter; FISH -fluorescent in situ hybridization; DOM -dissolved organic matter; OA -organic aggregates; OABC -organic-aggregate-associated bacterial communities; OTUs -operational taxonomic units; PCR -polymerase chain reaction; POC -particulate organic carbon; POM -particulate organic matter; rRNA -ribosomal ribonucleic acid; SEMscanning electron microscopy; SRB -sulfate-reducing bacteria; SRP -soluble reactive phosphorus; TEP -transparent exopolymer particles; TP -total phosphorus; T-RFLPterminal restriction fragment length polymorphism; TSS -total suspended solids 
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